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Abstract Piecewise homogeneous Markov fluid models are composed by ho-
mogeneous intervals where the model is governed by an interval dependent
pair of generators and the model behaviour changes at the boundaries. The
main difficulty of the transient analysis of piecewise homogeneous Markov fluid
models is the appropriate description of the various boundary cases. The pa-
per proposes an analytical approach to handle the wide variety of the possible
boundary cases in a relatively simple to describe and implement manner.
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1 Introduction
Markov fluid models (MFMs) gained significant popularity in modeling

telecommunication systems in the 1980’s [8]. The first methodology to an-
alyze the behaviour of such systems was based on spectral decomposition [I8].
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In 1999, Ramaswami initiated a research line to analyze stochastic fluid mod-
els via matrix analytic methods [20], while Akar and Sohraby recommended
the use of purely numerical matrix iterative methods [7]. Both methods pro-
vide numerically stable analysis, e.g., for the stationary distribution of the
fluid level, but the approach based on matrix analytic methods gained more
popularity due to the fact that it provides a stochastic interpretation of the
considered performance measures.

In a series of consecutive papers the stationary [2,22] and the transient
BL4L5] analysis of homogeneous (finite and infinite) MFMs has been investi-
gated. At the same time, the ingredients of the computational methods for
various performance measures of fluid models has also been enhanced [211[11].
Especially, the combination of two matrix exponential terms for describing the
behaviour of finite buffer homogeneous fluid models got established.

Motivated by several practical examples, e.g. [19], the analysis of homo-
geneous MFMs has been extended to the analysis of piecewise homogeneous
models, where the characterizing matrices of the model are constant in a re-
gion of the fluid level, but they might differ region by region. The terminology
used to describe this set of models is rather diverse: “level dependent evolu-
tion” [23], “multi-layer” [12], “multi-regime” [I7], etc. We refer to such modes
as piecewise homogeneous Markov fluid models (PHMFMs) and their homo-
geneous intervals as regions.

The main difficulty in the evaluation of PHMFMs comes from the potential
sign change of the fluid rate at the region boundaries. As a result probability
mass can develop at region boundaries (the fluid rate is positive below the
boundary and negative above) and there might be cases when the evolution
of the fluid process is not uniquely defined by the fluid rate (the fluid rate is
positive above the boundary and negative below). These cases are also covered
with a wide range of terminologies. Just to mention some, those subset of
states are referred to as “absorbing” and “insulating” in [14], “absorbing” and
“repulsive” in [I7], “sticky” and “repellent” in [23], “isolating” and “emitting”
in [13].

There are several approaches to specify the boundary behaviour at inter-
nal boundaries. [23] assumed that the continuous region above a boundary
determines the behaviour of the boundary in repulsive states, additional to
the generator and fluid rate matrices describing the behaviour inside a region,
[I7] introduces generator and fluid rate matrices associated with the bound-
aries. More general boundary behaviours are introduced and analyzed in [12]
with the introduction of appropriately defined additional probability matri-
ces characterizing the evolution of the fluid process at the environments of
the boundaries. To keep the complexity of the analysis reasonably simple, we
adopt the terminology and the boundary behaviour used in [I7].

The stationary analysis of PHMFMs is based on performance analysis of
individual regions and the solution of a linear system of equations, which can
be described by a large coeflicient matrix, e.g., [23, page 1048] and [I4, Fig.
4], and can be solved at once or by an iterative approach region by region.
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Our Laplace transform domain transient analysis of PHMFMs follows a
similar structure. The performance measures of the analysis of individual re-
gions are available, e.g. from [I}[TT]. Based on that, an initial and final fluid level
dependent counterpart of the stationary analysis is needed, since the stationary
distribution is an initial condition independent measure, while the transient
distribution depends also on the initial condition. The analysis approaches
available for homogeneous (with infinite [4] and finite [2] buffer) MFMs de-
scribe the transient behaviour on the level of matrix blocks in Laplace trans-
form domain using explicit expressions. The extension of this approach for
PHMFMSs gets prohibitively cumbersome because the proper description of
the boundary behaviour at internal boundaries requires the consideration of
all possible cases of sign changes separately. As an important contribution of
this paper, to overcome the limitations of the explicit approach, we apply an
equation systems based implicit description of the required performance mea-
sures, whose analytical description and implementation remain feasible due to
easy to describe matrix block operations (see Theorem .

This paper focuses on the Laplace transform domain transient analysis of
PHMFMs. Based on the Laplace transform domain transient description we
calculate the time domain results using the concentrated matrix exponential
(CME) based numerical inverse Laplace transform method [I5]. We note that
different transient analysis approaches are also considered in the literature.
Chen et al. proposes a time domain numerical differential equation solution
approach based on the finite difference method in [I3], which discretizes the
continuous fluid axis and its accuracy depends on discretization step. In [6],
Akar et al. adopts the approximate analysis approach of [16] for computing
the transient behaviour of PHMFMs based on the stationary analysis of an
appropriately extended fluid model. While [6] builds on a stochastic interpre-
tation based approximation approach, the current work is based on a exact
Laplace transform domain analytical description.

The rest of the paper is organized as follows. Section [2] summarizes the
basics of MFMs and provides the performance measures which are used later
on. Section [3] introduces the considered class of PHMFMs with finite buffer
and presents its transient analysis in Laplace transform domain. Section [4]
discusses the model variant of PHMFMSs with infinite buffer. Implementation
details are provided in Section [5] and numerical examples in Section [6] The
paper is concluded in Section

2 Markov Fluid Models

MFMs are hybrid stochastic models composed of a continuous stochastic pro-
cess X (t) € RT, commonly referred to as fluid level, and a discrete stochastic
process J(t) € Sy, commonly referred to as the state of the modulating Markov
chain. Let us consider the MFM {X (¢), J(t),t > 0} defined by the generator
of its background CTMC Q and the diagonal matrix of the fluid rates R. The
subset of states with positive, negative and zero fluid rates are denoted by
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S4, S— and &y, while the set of states and the subset of states with non-zero
fluid rates is denoted by S, and S,, respectively. That is S = S U S_ and
So = Se U Spy. The cardinality of the set S,, a € {o,e,+,—,0}, is denoted by
|Sa|- To order the states according to the sign of the fluid rates we introduce
the permutation matrix Z with the following properties

Z"QZ=Q, Q=ZQZ", (1)
Z"QZ=R, R=ZRZ", (2)
where subset specific matrix blocks of Q and R are
Qi+ Q- Qo Qe Quo
Q=1Q.Q Q,|=|¥rQ-Q0_| | q, ., ©
_QO+ QO— QOO Q0+ Qo_ Qoo QO- QOO
R, 0 0
R=|0 -R_0|, (4)
0 0 o0

with both Ry and R_ containing only positive diagonal elements. Matrix Z
contains a single non-zero element in each row and each column which equals
to one. That is, throughout the paper the underlined matrices refer to the
original state ordering and the matrices without underline refer to the fluid
rate specific ordering of the states.

We are interested in the transient density and the transient boundary prob-
ability defined by

Vij(t,z,y) = d%PT(X(t) <y, J(t) = j|X(0) =, J(0) = 0), ()

Ptz y) = Pr(X(t) =y, J(t) = j|X(0) =z, J(0) = i), (6)

The corresponding matrices and Laplace transforms are V(Lx,y) =

[‘/'Lj(tal‘7y)]7 P(tax7y?~ = [Plj(tax7y)] and V(&%y) == fto:oo e_StV(t,.'I},y)dt,
P(s,z,y) = ftO:oO e S'P(t, x, y)dt.

2.1 Characterizing matrices of infinite buffer MFMs

Fori € §; and j € S_, the state dependent measure of returning to level zero
is defined as

= d . ;

U(t)iy = ZPr(v(0) <t,J(+(0)) = j|J(0) =1, X(0) = 0), (7)
where y(z) is the first time when fluid process reaches level w, i.e., y(z) =
min{t : X (t) = z,t > 0}. The Laplace transform of ¥(t); ; is defined as

&D(S)i,j :/ 067515 @Z,j(t)dt
t=

= E(e™ O 4(0))=531J(0) = 4, X(0) = 0), (8)
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where Zycyensy 18 the indicator of event that equals to one when the event is
true and otherwise it equals to zero. The matrix of size S; x S_, composed by
the ¥(s); ; elements is ¥(s). In the sequel we define the measures of interest
directly in transform domain, as in , and avoid the time domain definition
as in .

The return measure W(s) satisfies the non-symmetric algebraic Riccati
equation (NARE) [10]

0=Qyi(s)W(s) +W(s)Q-—(5) + ¥(5)Q-+(s)¥(s) + Qs —(s5), (9)

with
Qi1 (s) =R (Qyy — sI+ Qyo(sI — Qoo) ' Qoy), (10)
Q+—(s) = R7"(Qi— + Quo(sI — Qoo) ' Qo-), (11)
Q-+(s) =RC 1(Q + 4 Qo(sT— Qoo) ' Qoy), (12)
Q__(s) =R (Q__ —sI+Q_o(sI — Quo) ' Qo). (13)

There are efficient numerical solution methods to compute ¥ (s) [9].
The matrices characterizing the fluid increase and fluid decrease process
can be obtained from W(s) as follows [5]

K(s) = Qi+(s) + ¥(s)Q—+(s), (14)
H(s) = Q_(s) + Q4 (s)¥(s). (15)

The spatial inverse of the fluid process is obtained by reverting the sign
of the fluid rate in all states. The associated characterizing matrices are Q
and —R. The characterizing matrices of the spatial inverse process, that is the
matrices computed from the Q and —R matrices are denoted by W(s), K(s),

H(s).

2.2 Characterizing matrices of the fluid process between boundaries

To characterize the evolution of the fluid process between two boundary fluid
levels, 0 and b, we define the following state dependent hitting measures

b
UL (s,2)i5 = E(e™ O (0021 Lir(0) <re3 |1 (0) = 7, X (0) = ),
UL (s,2)i5 = E(e L 10y 0) =y Ly vy <oy [/ (0) = i, X (0) = ).

The special cases when the initial fluid level is one of the boundaries are

UY ()5 = Ble " VL5500 =) L)<} 1T (0) = i, X (0) = 0),
U, (5)ij = Ele™ O 10,001 Lin () <03 1T (0) = 4, X (0) = 0),
U (8)ij = Ele™ " L5003y L vy <03 |7 (0) = 1, X(0) = b),
U (5)i5 = B(e™ " OZ (500021 Tir0) <y | T(0) = i, X (0) = b)
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According to [22[T1], the matrix composed by these hitting measures can be
computed as

6ﬁ(s)b U(s) ‘I’(s)eH(S)b -1

I
B [‘i’(s) eH(s)b] ' [@(S)eﬁ(s)b I . (16)

and

[UE?&(s,x) UE“(s,m] =
I ®(s) H(s)(b—x) I \I;(S)eH(s)b -1
{‘i’(s) I } . { eH(S)w] ' [\i’(s)eﬁ(s)b I - (7

Similarly, the fluid density between two boundary levels, 0 and b, before
reaching any of the boundaries are defined as

Fl(ty),, di‘;mxm <y, J(t) = j,7(0) > t,7(b) > t{X(0) = 0, J(0) = i),

FO)(ty),, = di‘;mxm <y, J(#) = §,7(0) > t,7(b) > H{X(0) = b,.J(0) = i),

and their matrix Laplace transforms are F +, (s,9) = [Z, _StF(b) (t,y)dt and

= (b)
F(b) ft 0 e SR (t,y)dt. FE:Z( y) and ) +(s,y) satisfy [22]
b
F%ﬂ(&y) a8)
£ (s, )

I KObg(s)] 7 [KO)y I o) [Ry |

S R S I | P S A

The main advantage of and is that they makes the matrix exponential
dependence on the fluid level explicit. As one of the consequences, the integral
of FS?Z(S, y) and ]?‘(_bl( y), which we denote by C+,(s y) and C(_Z)Z(s,y), can
also be computed explicitly as follow

1 s —1
Cll(s,y)| _ / F{)(s,7) dT_{A I e ﬂnp(s)} 19)
EYs, )| Jrmo |[FY(s,7) KEF(s) 1
( 1
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3 Finite Buffer Piecewise Homogeneous Markov Fluid Models

There are many variants of PHMFM considered in the literature differing
mainly in the behaviour of the stochastic process at the boundaries. Here
we consider the PHMFM variant from [I7], whose infinite buffer version is
discussed in Section @l The size of the buffer of the MFM is B and it is
composed of K regions with region boundaries 7o =0 <71} < ... <Txg = B.
That is, for k € {1,..., K}, region k is (Tx—1,T)), where the generator and
the fluid rate matrices of the MFM are Q(k) and E(k). At region borders, we

assume that the generators and the fluid rate matrices are Q(k) and E( ), for
ke{0,...,K}.

For k € {1,...,K}, S_(f), S%® and S(()k) denote the set of states where the
fluid level increases, decreases and remains constant inside region k, that is,
state ¢ € S(f) iff E(k) > 0. To separate the states where the fluid level is

ii
changing from the ones where it is constant, we introduce ka) = SJ(rk) us®,

Similarly, for k € {0,..., K}, S(k), S{ﬁ) and 8% denote the set of states where

the fluid level increases, decreases and remains constant at boundary Ty, that

is, state ¢ € ng) iff ng) > 0.

Condition 1 To avoid undefined stochastic behaviour we impose the following
natural requirements on these sets

- s =y,

- SW 8 forke{1,... K},

- SW st forkedo,... . K — 1},

- 8% =0.

These requirements mean that the fluid level cannot decrease below 0 and
cannot increase above B and the fluid level can increase above (decrease be-
low) boundary T}, only if the fluid rate is positive above (negative below) the
boundary.

We introduce the region and boundary specific permutation matrices with
the following properties

F ) ) k) k
W7 k) (k) QTJ Q@Y Q@% TR (B 7 (k) R 0 0
z® QWz® = 1™ Q™ QM |, zW RMzWM =1 o _R® ¢
1 all alf 0 0 0

(20)

rak) &E) Ak = (k

ramsn _ |26 B 0 swrawge [0, 0
Q.- QUL QY 0 0 0

(21)

where underlined quantities refer to the original state ordering and quantities
without underline refer to the region or boundary specific ordering of the
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states. Based on - , we assume the availability of the required matrices
in any convenient state ordering.

The {X (), J(t)} process can have probability mass only at X (¢) = T}, and
J(t) € S®) for k € {0,..., K}, that is, P;;(s,z,y) = 0 and is neglected in the
sequel in any other cases. Due to potential rate change at boundary, V;(s, z,y)
might be discontinuous at T, for k € {1,..., K — 1}. We apply the following
density definition at the region borders

Vij(s,2, Ty, ), ifj e S(\k),

Vii(s,x,Ty) =
il k) {wj(s,x,T;), it j e SY.

Whenever the fluid level reaches boundary 7} from below it migh be in a
state of ng) or in S®). In the former case the fluid level keeps increasing at T},
while in the latter case it remains T} for a positive amount of time. Similar
behaviours apply when the fluid level reaches boundary Tj from above. To
separate these two behaviours we refine the subset classification as follows

53 =5 ns?, s =sPns,
S(k) _ S(k+1) ﬂS(k) S(k) — S(kJrl) ﬁS(k)
N B N - B -
We also introduce the subset specific filtering and reordering matrices

k T k T k k) ey (k)T

Qy =z QWz” =z Wz, Q) =zMQiz" . (22)
where a,b € {+,—,0,8,0, /N, =, 7. 7,55} QY. QY. QYY) and Z are
of size |So| % [So, [So|  |Ss], [SS] % [S] and |S,| x | S|, respectively. E.g.,

T T

sz = ng) g(k)Z(f), Q(fl = Zf)QSﬁZ(f) . Any matrix Z" contains at
most a single non-zero element in each row and column which equals to one. To
keep the description simple we are going to present subset indexes for matrix
blocks in the sequel. Behind these notations we assume the appropriate use
of the related filtering and reordering matrices. We exemplify the use of the
filtering and reordering matrices and their implementation in Section

The following subsections describe the main steps of the proposed transient
analysis approach in the order of their execution in the implemented algorithm.

3.1 Characteristic matrices of region k

For k € {1,..., K}, we compute ) (s), K*)(s), H*)(s) from Q" and R™
according to @[), , , as well as their spatial inverses lil(k)(s), K(k)(s),
H® () from Q(k) and —R® . Furthermore, we compute U® (s) from
assuming b = Tj, — Th—_1, ¥(s) = ¥HF) (s), W(s) = ¥F)(s), H(s) = HF)(s)
and so on.

The necessity of computing F®*) (s, ), F®) (s, y), C*)(s,y), CH) (s, y) and

U®) (s, ) depends on the initial and final fluid levels of the transient analysis.
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If needed, they are computed from ({T8)), and assuming b = T}, — Th_1,
W(s) = UF)(s) and so on. In some special cases (c.f. Section , we need
to compute U(s,z), F(s,z) and F(s,z) for region k such that b is different
from T, — Tr_1. In these cases, we explicitly indicate the interval size, i.e.,
U®2) (s, 2) is obtained from by assuming b = z, ¥(s) = ¥*)(s) and so

on.

3.2 Return measures of boundary k

For k € {0,...,K — 1}, i € S_(fﬂ), je S¥ ) e define the upward return
measure of boundary T} as

Y (s);; = E(e "M I 501,53 17 (0) = i, X (0) = T}), (23)

similarly, for k € {1,...,K},i € S(_k), VES S_(f) we define the downward return
measure of boundary T} as

Y (s);; = E(e™ " TI5001 )25y 1J(0) = i, X (0) = Ty). (24)

FExternal boundaries

For the following boundaries, the return measures are computed based on [12]
YW (s) = UL (s)
~ ~ -1 -
+ U () (s1-QY, - Q. U%(9) QYU (s),
YED(5) = U (s)

K ~ = (K) (K 1 = (k) (K
+ Ul (s1- QU - QW 1) (9) QU U (s),

The expression to compute ?(1)(5) contains matrices associated with the
boundary Ty (e.g. Q(9),) and also matrices associated with the (T, T}) region
(e.g. v (s)). Since the sign of the fluid rate might be different at Ty and in
the (Tp, T1) region, the dimensional validity of the expression raises notational
problems. The notations we used in the expressions are sloppy. We applied a
notation which would like to emphasize, on the one hand, that the matrices
are associated with different boundary/region, on the other hand, that the
expressions are dimensionally valid. We found this notational approach to be
reasonable compact and expressive on the one hand and reasonable accurate
on the other hand. The feasibility of the matrix operations are always ensured
by Condition that is 89) C SJ(:) in this case. The same notational solution
appears also in the sequel.
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Internal boundaries

The return measures of the remaining boundaries are also discussed in [12]
using an explicit approach which results in analytically complex expressions
to evaluate. Here we adopt an implicit description which results in an easier
to describe and implement analysis approach. This approach is based on the
definition of appropriate auxiliary matrices. Using this approach the analytical
complexity of the required measures is hidden by the matrix inverse operation.
This implicit approach is applied also in the consecutive steps of the analysis.
For computing the return measures at the remaining boundaries we define
the transition measure to move one boundary down and up. For ¢,j € S,

BU ()i j = E(e™ "ML 11)=3 |7 (0) = i, X (0) = i),

B (s)s 5 = Be™ ML 1,)=y |/ (0) = i, X (0) = Ty ).
By definition, B*+1) (s); ; = 0 for j € S USHH and BE-D(s), ; = 0 for j €
S(_kfl)USékfl). The potentially non-zero matrices, B+ () of size |S, | x |S(_k)|
and B*—1 (s) of size |S,| x |S(+k71) |, are provided by the following theorems.

Theorem 1 For k € {0,..., K — 2}, B(k+1)(s) satisfies

o—

-1
B () = (1-BE () UH(s), (25)
where
k k+1
0 0 Y(/g)(s) Y(/; )(s)
U () = (U ()|, B = [ UMD 0 Ul
0 ME () ME(s) 0

and, fora € { .\, —} and k € {0,..., K}
- —1
(51 — Qf&) R zfa =—,
ORI :
(sI — Q(_>)_>) S, otherwise.

Proof Based on the intuitive stochastic meaning of introduced matrices we
have

BUI(s) =Y UV ()BET () + YOIV (9)BE T ), (26)
BU Y (s) =0tV (s) + UQ}U(S)B(E”(S) + Ul ()BE(s),  (27)
B () =M U7 ()BT (5) + MU ()BT (s). (28)

The matrix form of — is,
B () = TR+ (5) 4 BEHD (5)BEHD (4), (29)

whose solution is (25)). O
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Theorem 2 Similarly, for k € {2,...,K},

N N -1 .
BED(s) = (1-B®(s))  0W(s), (30)
with
0 u® u®)
{7 (k) B () (k) ¢ (k—1) /E(S) ~(f?1>(8)
W =] 7o | BYe= ¥ e 0 v

0 k—1 k—1
ME V(s ME V(s o

Proof Using the state partitioning at Ty _1, we have
2 (k—1 k k 2 (k—1 k 2 (k—1
B4 (s) :U(/,)Jr(s)+U(/)§(s)B(§ )(s)+U(/);(s)B(; )(s),
2 (k—1 o (k—1 2 (k—1 o (k—1 2 (k—1
B V() =YV BE V() + YN (5)BE T (9),

S (k— k— k— k— A (k—
BED () =M%V ()BT (5) + MU (5)BE(s).

That is,
B () = UM (s) + BW (5)BH1(s), (31)
whose solution is . O

If S%) = () for an internal boundary, then the third block row and column

vanishes in the expressions above. Since S(\O) = () and Sg{) = () the second
block row and column vanish for £ = 0, and the third block row and column
vanish for k = K.

Based on the boundary transition measures, B*) (s) and B*)(s), the return
measures of the internal boundaries can be computed as follows.

Corollary 1 For k € {0,..., K — 2}, using the state partitioning at Tyy1, we
have

k k k k k
Y (5) =Y () 4 U<+ 7}” (S)Bif)(s) + U (s)BE T (s)  (32)

and for k € {2,..., K}, using the state partitioning at Ty_1, we have

(k) _y7(k) (k) 5 (k—1) (k) 5 (k—1)
YO(s) =0 (5) + UM (9B V(s) + UM (9BY V(). (33)

3.3 Starting and ending at boundaries

We start the Laplace transform domain description of the transient behaviour
with the case when the initial and the final fluid levels are boundary values.
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Starting and ending at the same boundary

First we consider the case when the initial and final levels are the same bound-
ary level.

Theorem 3 Using the S;C),S(\]C),ng) division of the states, for boundary T,
ke {0,...,K}, we have

0
-1
Po, (s, Tp, T}) = (I - Y(k)(s)) o |, (34)
M%), (s)
and
-1
V(s T, Te) = (T- Y9 (s)) RO (s), (35)
with
Y (s) = R® (s) =
*) ®) )1 . ka1 =1
) (k? YO () Sf(/k);(S) R o Y% (srY “11
Yoo 0 VL)), o R® T ¥E (9RY
MY sy M (s) 0 0 0 0

Proof Using the return measures of boundary 7T} and the Markov generator
characterizing the evolution at boundary Tk, for the blocks of Po_, (s, T, T)
we have

k k
P s (5, T Th) = YL ()P (5: T To) + Y 5L (8P (5, T, i),

P (5T, T) = ?(\k)z(s)P/H(s, T, Ti) + YL (5)P L, (5, T, Th),
P (s, Ty, Tk)
= MU ()P s (s, Ty Th) + MEL ()P (s, T, Th) + MEL (s),
whose matrix form is

0
Po_ (s, Tp, T}) = 0 + Y ()P0 (s, Th, Tk). (36)
M), (s)

The solution of is .

Similar block-wise equations apply for V (s, Ty, Tk ).

=
— ) (k)
V\/(S,Tk,Tk> = Y\J(S)V//(S,Tk,Tk) + Y\‘:F)(S)Vvﬁ/r(s,Tk,Tk>7

\% T, T) = RETD 1Y ® (5)v Ty, Ti)+ Y% (s)V Ty, T)
28T D) = R0 +Y 50 (8)VN (8, Ty Ti) +Y 2 (8) Vs (s, T, Tk

Voo (5, Tk, Tr) = MG L (8)V n (s, T, Th) + MG () VA (s, T, T),
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V/(\‘(S, Tk, Tk) = Y(;%(S)V\\(S, Tk, Tk) + Y(/k);(s)v_,\(s, Tk, Tk)7

Bk & (k
V\"\"(S, Tk,Tk) = R(\‘) +Y(\(1{(S)V/\(S,Tk, Tk)"’Y(\‘;j(S)VH\A(S,Tk,Tk)a

Vol (5, T, Ti) = MG (5)V (5, T, Ti) + MY (5) Ve, (s, T, Th),

VoL (s,Tp, Ti) =

Y;’“);(S)joﬂ)—l N Y(;%(S)V\,ﬁ(s, Ti, Th) + Y%(s)v%(s, T, Th),
V= (8, Tk, T)) =

YO RE 4 YOV (s, T ) + YL () Vo (. T3, T,
Vs (8, Tin Ti) = MY () Vs (5, T, Th) + MY () Ve (5, T, T,
whose matrix form is

V(s, Ti,, T) = R¥) (s) + Y (5)V (s, T, T). (37)

The first term in 'V _» (s, Tj, T} ) represents the fact that starting from level
T} results in a unit impulse in the fluid density at level T}, at ¢t = 0. A similar
term appears in Vi (8, T, T%). The solution of is .D

Starting and ending at different boundaries
For k € {1,...,K}, and k < ¢ we have
P(s, Ty 1,Ty) = BY TV ()P o(s, T, Tr) (38)
V(s, Tho1, 7o) = BTV () Vo (s, T, T0) (39)
and for k € {1,..., K}, and k > ¢ we have

P(s, Ty, T) = B ()P_o(s, To_1, T2 (40)
V(s, Ty, Ty) = B¥(s)V_o(s, Tho1, T) (41)

3.4 Starting from boundary and ending between boundaries
For T,_1 <y < T}, we have

Voo(57 Tk:a y) = (42)
Vo (s, T, T )RYFE (5,9 = Teo1) + Vo (s, T, TORYEY (5,5 — Tp1).

The first term of represents the cases when the last boundary visited
before reaching y is Ty—; and the second term represents the cases when it



14 S. Almousa, G. Horvath, M. Telek

is Ty. To compute the CDF of the fluid level the integral of Voe(s, Tk, y) is
needed. Tt can be obtained using C)(s,y) and C)(s,y) as follows

Y
/ Voul(s, T, 7)dr = (43)
T=T¢—1

Vo (s, T, ) RPCYU (5,9 = To1) + Vo (s, T, TORYCY) (5,5 = Tp1).

3.5 Starting between boundaries and ending at boundary

For T),_1 < x < Ty, we have
Veols,2,Ty) = UM (5,2 — Th1)V_o(s, Teo1, T))
+ U (5,2 = Th1)Vyo(s, T, Ty)
and
Puo(s,2,Ty) = UM (s,2 — T )P _o(s, Thoo1, Ty)
+ UM (5,2 = T )P yo(s, Ti, Ty)

3.6 Starting and ending between boundaries

For Ty, 1 < ¢ < T and Ty_1 < y < Ty and k # £ we condition on the first
visited boundary and write

Vee(s,z,y) = U(.k_)(s,:v —Tk-1)V_e(8,Tk—1,Y)
+ U (5,0 = Tio1) Va5, Thy ).
The integral of Vee(s,z,y) can be computed from
y . y
/ Veo(s,x,7)dT = UE_)(S, x— Tk—l)/ V_o(8,Ti—1,7)dT
=T)_1 T=Tp—1
(k !
+ U._g (s, —Tp—1) / V.ie(s, Tk, )dT,
T=T¢—1
where the integrals of the right hand side are provided in (43).
For Ty,_1 < x,y < T} we have three cases: r =y, x < y and x > y. For x =y,
we write
V+' (57 €z, ZE) =
RO o] + UL () V_y(s,2,2) + UL (5) Vi (s, T, )

o rR® ™ + UM )V (s.2,2) + UV (5, T, ),
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for x < y, we condition on the last occasion when the process visits the border
of the (x,T}) interval before reaching level y

Vee(s,2,y) = Vei(s,z, x)REf)F(f.’Trm)(s, y— 1) (44)
+ Vo (5,2, T)REEET) (5 4y —2),

and for z > y, we condition on the last occasion when the process visits the
border of the (T;_1, ) interval before reaching level y

VOO(87 z, y) = V°+(Sv z, kal)RSf)FS&w_Tkil)(sv Y- kal) (45)
+ Vo_(s,z, x)R(_k)f‘gﬂ.’xiTk’l)(s, y—Te_1).
The integral of form z to T} and the integral of form Tj,_1 to x can
also be computed as in .

3.7 Starting from and going to Sy

For T, 1 <z < Ty

—1

Poo(s.2. 1) = (s1 - Qf)) ~ Q4'Pac(s. 2. T0), (46)
—1

Voo(s,z, 1)) = (.91— Qg’f))) QYV o (s, 2, T0). (47)

ForTp 1 <x<Tyand Ty <y<Ty

1

Vaols7,9) = Vaals,2,9)Q4 (sT- QL) (48)
-1

Voe(s,z,y) = (sI — Qg?) Q(()I:)V..(s, x,y), (49)

and for Ty <x < Ty, Tr_1 <y<Tyand z # y
-1
Voo(s,z,y) = (31 - Qé’?) é’i)V.o(s,x,y). (50)

The case of Tj—1 < z = y < T} and J(0) € Sék), results in a probability
mass between boundaries which we avoid considering directly. Our analysis
approach can handle this case by introducing an additional boundary at x
and using Theorem [3]
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4 Infinite buffer case

The case when the buffer is infinite can be defined and analysed as follows. The
buffer is composed of K regions with region boundaries Tp =0 < T} < ... <
Tx_1 < Tk =oo. That is, for k € {1,..., K}, region k is (T—1, T}), where the
generator and the fluid rate matrices of the MFM are Q(’c ) and R™. Since we

(5) and

are interested in transient analysis, the last region, characterized by 9
RK ), might have positive drift as well. At region borders, we assume that the
~ (k ~ (k

generators and the fluid rate matrices are g( ) and E( ), fork € {0,..., K—1}.
~ (K ~ (K
9( ) and E( ) are irrelevant since Tx = oo is never reached in finite time
starting from a finite initial fluid level.

With this model definition we only need to modify the analysis of the last
region compared to the finite buffer case. The rest of the section collects the
elements of the analysis, which needs to be modified when the buffer is infinite.

Condition 2 For having a consistent model the following requirements need
to be satisfied.
(0) _
— S\( — @7
- SW 8" forke{1,..., K},
- 8W st forkedo,... . K —1}.

For region k € {1,..., K — 1} we compute the characteristic matrices as in
Section For region K, we compute ) (s), K (s), HE)(s), &) (s),
K ) (s) and H)(s) from Q(K) and R according to ©. (€4, (15).

With respect to Section [3.2|the return measures (Y *)(s) and Y *)(s)) are
computed only for boundaries k € {0,..., K — 1} and

YED(5) = ) ().

Similarly, B~ (s) is irrelevant, when the buffer is infinite.

Since we assume finite initial and final fluid levels, in the infinite buffer
case, we neglect all quantities of Section which starts or ends at the upper
bound of the buffer, Tk.

The analysis of region K, in Sections [3.4] [3.5] and [3.6] simplifies as follows.
For ke{0,...,K —1} and Tk 1 < y,

VO' (87 Tka y) =
Vo (s, T, Ti 1) RO K ) (v-Tre ) [Rng)*l o (RE ™
for T 1 <2z and £ €{0,..., K — 1},

W) (5)

V.O(S,.’E,Te> = |: 1

:| eH(K> (s)(x—kal)Vio(S’ TvK717 TZ);

(K)
Peo(s,z,Ty) = {‘I’ I (5)] eH(K)(S)(I_TK—l)Pio(S’TKil,TZ)'
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for Tk 1 <z and Ty <y <T, with e {l,..., K — 1},

(K)
Veu(s.o.y) = [\If i (s)} HOOET)y (5 Tr 1, y),

for Ty <z <Tywithf£e{l,..., K —1} and Tx 1 < g,
Vee(s,z,y) =
V.Jr(s’xjTKil)RSLK)eK(K)(s)(y—Txfl) [R(+K)71 ‘I’(K)(S)RSK)il} ’

and its integral is

Y K
/ Vee(s,2,7)dT = Vei(s,z, TK_l)RE|r )

=Tk 1

.K(K)(5)_1(6K(K)(5)(9*TK—1)7]:) [RSFKrl \I,(K)(S)R(_K)*l] .

Finally, the cases when both, the initial and the final levels are above Tk _1
can be handled are follows. For Tx 1 < x = v,

Vie(s,z,1) = [RSFK)_I 0] + 8P (5)V_o(s,3,2),
-1 K,x—Tk_
V_.(S,ZL',I') - |:O R(_K) :| +U(_+ K 1)(S)V+.(S,£L’,l’)
+ ULV (s, i),
for Tk 1 <x <y,

Veal5,2,9) = Vi (s, )RV D0 [RUOTH g0 (R

Y K
/ Veel(s,z,7)dr = V.Jr(s,gc,sc)R(+ )
T=x

-1

K (s) (eK(K)(S)(y—z)_I) [RSFK)—l \P(K)(S)R(,K)_l} '

and for Tx 1 <y <z,
Veo(s,2,9) = Vas (5,2, T )RYOFETT (5 4 — Ty _y)
+ V.,(S, xZ, x)R(—K)F(f?ziTKil)(s? Y- TKfl)’

Yy
/ V..(S,I’,TK_l)dTVoo(57:E7y)

=Tk 1
= Vo+(81 z, TK*l)RS—K)CS-I?ziTKil)(sv Yy — TKfl)
+ Ve (s,2,2)RUVCE T (5 y — Ty,
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5 Implementation notes

The above explained numerical procedure for the transient analy-
sis of PHMFMs is implemented in Mathematica and available at
webspn.hit.bme.hu/“telek/tools.htm. In this section, we summarize some
interesting features of the implementation.

5.1 Model description

To simply the model definition it is also possible to generate a model descrip-
tion based only on the region descriptions, Q(k) and R%¥ for k € {1,..., K},
and defining if the upper or the lower regions dominate at boundaries. If the
upper regions dominate at boundaries (as in [23]) then

~ (k—1)

Q =Q®, forke{l,...,K} and Q ZQ(K)’

1 ifies®,

~ (k) @

R, =4 -1ifies!, forke{0,... K}
0 ifieSH),

where
SD =5, sO =g, 5O=5Dus,
s =0, s =55 st =s{yus
and for the internal boundaries, k € {1,..., K — 1},
(k) _ g(k+1) (k) _ o(k) (k+1)
Sy =87, &,/ =87"nsTT,

SH = sy (s“““) nEsHu 55“)) (51)

AN h .

The case when the lower regions dominate at boundaries can be defined as its

spatial inverse. Our code checks the input data according to Conditions [1] in

case of finite buffer or Condition [2| in case of finite buffer. The region based
boundary definition characterized by satisfies Conditions [1] and

5.2 Index list based matrix operations

Our implementation makes use of the index list based matrix definition avail-
able in many programming environments (including Matlab and Mathemat-
ica). During the model description phase the program calculates the Sl(lk) sets
for k € {1,...,K} and a € {+,—,0,0,0, /., —, £, 9,<,>}. These sets
contains the associated state numbers according to the original state num-
bering. With the help of these lists the required matrix blocks can be easily
obtained. E.g., (fl = g(k) [S(f), S(fk)]7 where ”[” and ”]” denote the indexing
operator.
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5.3 Computational complexity

Each of the matrices introduces in Section [3.1]are at most of size |So|x |S, |, and
the computational complexity of obtaining one of such matrices is O(|S,|?).
In Sections - O(K) of such matrices are computed, while in Section
O(K?) matrices are computed. The remaining computations, in Sections
- have lower order computational complexity, hence the overall com-
putational complexity of the procedure is O(K?|S,3).

The memory complexity of the procedure is dominated by storing the
O(K?) P(s, Ty, T;) matrices, which results in a memory complexity of
O(K?|S,]?).

6 Numerical experiment

As the homogeneous finite and infinite MFMs are special cases of PHMFMs,
we can verify our numerical procedure against some of the transient results
available in the literature. Additionally, in case of finite and stable infinite
PHMFMs we can compare the ¢ — oo limiting behaviour of the transient
analysis with the stationary results available in the literature.

The set of transient results we evaluated with our implementation includes
Example 1 of [I], which was also considered in [7]. The results reported in
[1, Table 3] (based on an unspecified order numerical inverse Laplace trans-
formation method) are identical to our results (which are based on the CME
numerical inverse Laplace transformation method of [I5] with N = 21) up to
4 digits.

A multi regime PHMFM example was introduced in [I9], which models
the behaviour of a network access protocol with finite buffer and congestion
control. The same example was considered in [12]. The stationary measures of
this example (e.g., the probability of full buffer) are evaluated in [19] and some
transient measures (e.g., the return time distribution of the internal boundary)
are provided in [I2]. This example is investigated in the rest of the section.

The state space of the model is defined as S, = {0, 1, ..., 10}, and the buffer
is of size 5 with fluid boundaries Ty = 0, 11 = 2, T5 = 5. The characterising
matrices of region 1 and 2 are

—(30+5i0), j =1,
1y _ ) 30— 34, Jj=1+1, R _ —11+ 44, j =1,
==ij ) 8, j=i—1, —4 10, otherwise;
0, otherwise;
—(30 +1), j =1,
Q® — 30—3i, j=i+1, R® _ =11+ 2i, j =1,
—4j 44, j=i—1, —u 0, otherwise.

0, otherwise;
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X(0) =0, J(0) =0 (negative fluid rate) X(0) =0, J(0) = 10 (positive fluid rate)

Fig. 1 The CDF of the fluid level at time ¢t = 0.1, 1, 10 starting from empty buffer

The boundary behaviour at Ty, T3, 75 is characterized by

= max(R(l) 0);

EAYFRY

~0) _ ~a). 50
gij _gij ’ Eij

~(1) = (1)
gij - Eij -
(52 . 32), ] Z.J S {37475}7 1, j=iic€ {6, 7,8,9, 10},
30—3i, j=i+1,i€{3,4,5} L
. . -1,5=1,i€{0,1,2},
22, j=1i-—1,i€{3,4,5}, .
. 0, otherwise;
0, otherwise;

Q

@ _q®; R =min®?0).

—~ij ==ij

These characterizing matrices result in the following set definitions for region
1 and 2, and for boundaries Ty, 17, T5:

S =13,4,...,10}, 8" = {0,1,2},8") =0,
S =1{6,7,...,101,8% = {0,1,...,5}, 8% =0,
SO =16,7,...,105, 8 =0,89 = {0,1,...,5},

8% =16,7,...,105,8 = {0,1,2}, 8 = {3,4,5},

Sg) :(Z),Sg) = {071775}a8(—2>) = {6’7”10}

These set definitions satisfy Conditions

Figure [T] and [2] depict the CDF of the fluid level distribution at time ¢ =
0.1,1, 10 starting from state 0 (with negative fluid rate) and state 10 (with
positive fluid rate) and from level 0 (empty buffer) and level 5 (full buffer).
The figures indicate that at time t = 10 the fluid model reaches its steady state
and the fluid level distribution starting from the different initial conditions
converge to the same stationary distribution.
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Fig. 2 The CDF of the fluid level at time ¢t = 0.1, 1, 10 starting from full buffer
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— — — - State 9
— ~— State 10

0.1

Fig. 3 Initial state dependent return time distribution of boundary 73

The results for ¢ = 10 also indicate that the ¢ — oo limit of the probability
of full buffer computed by our tool, converge to the limit reported in [19]
(2.01-107%) in all evaluated cases if the initial states and fluid levels.

While the primary performance measure of the current paper is the tran-

sient behaviour according to and @, the performance measures introduced
in course of the computations include the distribution of the return times of the

boundaries, according to and . The initial state dependent mean re-
turn time of the internal barrier (T} = 2), computed from —dY ") (s)/ds|s—o,
are 0.2172,0.4006,0.5119,0.6881,0.8161 starting from state 6,7,8,9,10 and
the associated probability density functions are depicted in Figure [3]

7 Conclusions

The paper presents an analysis approach for Laplace transform description
of the transient behaviour of PHMFMs with arbitrary fluid rate changes at
the barriers. Due to the large number of possible boundary behaviours the
proposed approach replaces the previously applied direct descriptions with an
equation system based indirect one. The obtained relatively simple analytical
description keeps also the implementation of the method at a feasible level of

complexity.
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The explicit matrix exponential description of the transient fluid density
based on allows a closed form computation of the cumulated density as
well as the moments of the fluid distribution. The earlier is discussed in the
paper, the later is neglected, but follows a similar pattern.

Our Mathematica implementation, containing also the
model descriptions of all presented examples, is available at
webspn.hit.bme.hu/"telek/tools.htm. We also compared this imple-
mentation (in Mathematica) with the publicly available implementation of
the method presented in [6] (in Matlab). In all evaluated cases, we obtained
practically identical results.
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